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Introduction
A thermal barrier coating is built up of (at least) two layers. Facing the environment is a ceramic top coat (TC), designed to meet requirements on low thermal conductivity. Below the TC is a metallic bond coat, providing good adherence for the top coat through surface roughness and formation of dense and adherent oxides. Thermal barrier coatings are mainly used on stationary and rotating hot components in land-based and airborne gas turbines. Figure 1 shows a schematic picture of a thermal barrier coating system. In the figure is also introduced the thermally grown oxide (TGO) that forms at high temperature. Primarily the oxide is alumina formed by oxidation of the aluminium-rich BC [1] .
In the design of a spallation fatigue life model several factors, such as thermal/mechanical loads, multiaxiality, oxidation, ageing and other material-related aspects need to be considered. Several proposals have previously been presented in the literature. Models based on degradation during high temperature exposure (i.e. diffusion, oxidation and corrosion-related phenomena) have been proposed by Whittle et.al. [2] , Sisson et.al. [3, 4] and Strangman et.al. [5] . A Coffin-Manson approach is used in the so-called NASA-model, first developed by Miller [6] and further refined by DeMasi et.al. [7] and Cruse et.al. [8] .
Another strain-based model was presented by Pilsner et.al. [9] , where oxidation and edge effects were taken into account. Stress-life approaches have been suggested as well. Liu et.al. [10] and Liu [11] have presented a life prediction model based on in-plane stresses (the Basquin equation). An energy release rate-approach has been suggested by He et.al. [12, 13] . The present work aims to add further knowledge to a fracture mechanics based model proposed by Jinnestrand and Brodin [1, 14] . The model is briefly described below and is founded through a physically sound mathematical model supported in experimental findings from mechanical/thermomechanical testing.
Common for all these methods is the lack of how to treat the stress-state at the transition from coated to uncoated material, where a stress-concentration is expected [15] . One way of reducing the stress at the coating end is by introduction of a chamfer on the coating edge. The aim of the present work is to compare measurements of fatigue life with FE-and analytical results of the stress-state at a chamfered edge and to couple the local conditions to existing life prediction tools. 
TBC delamination and spallation
On planar surfaces with small curvature spallation can occur due to growth of delamination cracks at or near the TC/BC interface. With long dwell time at high temperature, out-of-plane (normal) stresses at the interface are introduced and turn tensile upon cooling [16] . As a result, cracks can grow either in the thermally grown oxide at the TC/BC interface or in the TC near the TC/TGO interface [17] . Evans et.al. have proposed a number of factors that influence TBC spallation behaviour [18] . These are: TGO in-plane compressive and out-of-plane tensile loading, imperfections at the TC/BC interface and large scale buckling. Thermal stresses at the TC/BC interface are introduced due to TGO growth during operation, interface geometry (i.e. thermal cycling) and thermal mismatch between ceramic TC and metallic BC. During thermal cycling cracks are prone to form at the metal/ceramic interface. During continued cyclic thermal loading these cracks will grow and link up to larger cracks. Finally the cracks will flake off due to buckling as discussed in literature [19] [20] [21] [22] . The schematic process of TBC degradation is shown in Figure 2 , from [1] . Damage development in TBC systems can be described as the area fraction of the TC/BC interface that has spalled off in relation to the total interface area. Formation and growth of cracks can at any time increment be described as a summation of all present cracks that will contribute to spallation. The problem has previously been treated in literature by Brodin and Li [17] and Brodin [23] . In the most general description, the damage parameter D can be measured on a cross section and then be deduced from measurement of length measures rather than measurements of area according to: 
Material system
The material system used is a thin TBC system with top-and bond coat thicknesses of 200µm and 350µm respectively. The top coat is yttria partially stabilized zirconia prepared by air plasma spray (APS) technique and the bond coat is a NiCrAlSiY alloy produced with the vacuum plasma spray (VPS) method. 
After coating production the edges were modified to desired geometry with a well-defined coating chamfer angle φ, according to Figure 1 . The chamfered edge was produced by grinding to desired shape with silicon carbide wet grinding paper. A grinding guide block with corresponding chamfer angle was used to ensure correct chamfer geometry of the TBC. In the present work the chamfer angle was chosen to φ = 90°, 75° and 60°.
The coating system used is shown in Figure 3 .
200 µm Fig. 3 . TBC system used in present study.
Experimental procedure
Fatigue testing of chamfered and as-received material system (superalloy with TBC) has been performed as thermal cyclic fatigue tests (TCF). Tests are conducted in air with heating in a furnace followed by cooling in air to low temperature. In the current experiment, the thermal cycle spanned between TB min B = 100°C and TB max B = 1100°C. The cycle time was 4200s with a dwell time of 2400s at the maximum temperature. The tests were monitored by a video camera for determination of number of cycles to spallation. Spallation was defined as 20% reduction of interface area adherence and measured visually after fatigue cycling from a video camera recording.
Fatigue life modelling
The model previously presented is based on fracture-mechanical modelling and corresponding material testing described later on. From an analysis of the stress state at the crack tip, crack growth is described by an expansion of the classic Paris law equation,
A micromechanical model has been made of the TBC aggregate substrate/BC /TGO /TC. The model has been subjected to the following thermal and mechanical load cycles: i)
A thermal cycle with thermal boundary conditions representative for industrial gas turbine components. ii)
A case with the same thermal cycle as in i) but with the addition of an out-of-phase external load, corresponding to a case typical for a hot-spot area.
At or near the BC/TGO/TC interfaces, cracks will be initiated and propagated as sketched in Figure 4 . The model has been FE-analysed for different interface geometries through variations of the H/L ratios, different crack lengths and TGO thicknesses. Also, the effect of variation in crack pattern (failure mode) is analysed. In this way, we have been able to set up a database of FE-computed stress intensities I K and II K and energy release rate G for these variations.
The fatigue crack analysis in this interface, or, rather, interface-near crack case differs from that in a homogeneous material by the fact that growth can continue under sustained mode I/mode II mixity. In Paris law, we need to take this new behaviour into account by introducing an equivalent stress intensity factor range, eq K ∆ . Alternatively, the description of the crack driving force is done by the range G ∆ of the energy release rate, with the mode mixity taken into consideration through a factor λ  .
where λ can, for instance, be defined in terms of the mode mixity ) arctan(
introduced by Hutchinson and Suo [24] : 
Edges
Experimental experience shows that there is a clear tendency of the interface cracks starting from the edges of the test specimen, where there is a stress singularity. It is well known from, for instance from the work by Bogy [25, 26, 27] , that the stress state at the edge of a biomaterial aggregate depends only on the two composite parameters 
first given by Dundurs [28] . In Eqs. (6) and (7), (.) µ is the shear modulus,
and the superscripts 
where Φ is the Mellin transform of Airy's stress function Φ .Eq. (10) has the solution , then the stress solution is oscillatory, a property which is also well-known for the asymptotic stress solution near an interface crack.
In the limiting case
, there is a stress singularity of order r ln ; in all other cases there is no stress singularity.
A couple of examples of results of computed singularity orders λ for a material combination typical in a TBC are shown in
Figs.6 and 7. Data used are listed in Table 2 . From Figure 8 and 9 it is clear that influence on the stress state from the edge are present for any given coating chamfer edge angle φ, but the influence diminishes rapidly with increased in-plane distance from the chamfered edge. In a position 2mm
away from the edge, the stress field is equal in all cases investigated.
Discussion
The analytical investigation performed indicates that the stress singularity at the TBC edge decreases with decreased TC chamfer angle φ as shown in Figure 4 . A lower chamfer angle will not cause a stress singularity. TCF test results indicate that a decrease from φ = 90° to φ = 60° will not give dramatic changes to the expected fatigue life. Instead a gradual improvement of fatigue performance is expected with decreased chamfer angle φ. This is logical if two conditions are assumed:
• If Figure 9 and 10 are considered, the TBC loading is dependent on geometry only near the chamfer edge. The stress-field is different in an area extending only 2 millimetres into the bulk of the TBC system. In the interior of the TBC the stress-field is independent of macroscopic (chamfer) geometry. It is reasonable to state that the edge gives a local influence on cracking behaviour, i.e. in early stages of crack growth.
• TBC crack propagation internally in the material system is independent on local effects during crack initiation. In this region crack growth can be predicted with existing TBC lifing tools, such as the one presented above, Eqs. (3) - (5) with a number of cracks summing up to a damage level that is judge to be detrimental from material integrity point of view as suggested in Eq. (1).
With these assumptions made, the gradual improvement of TBC performance with chamfer angle φ can be explained. The stress singularity at the chamfer edge will influence crack initiation due to the (in comparison) severe stress state for high chamfer angles (φ > 70° gives a stress singularity). For short crack growth the behaviour will be different for high or low chamfer angles. After crack growth into the bulk the stress field around the crack tip is equal for all geometries. All cracks have travelled away from the area where differences in stress state are expected and crack propagation is only governed by the stress state within the TBC system caused by interface asperities and thermal expansion mismatch.
A way forward for incorporating edge effects in a life prediction tool would therefore be to use a model according to Eq. (5) where the stress field at free edges is allowed to influence crack initiation and early crack growth behaviour through a locally altered stress intensity (and energy release rate). After crack travel through the region with influence on stress state from geometry the stress field changes and the crack growth is governed by "normal" conditions in the material system.
Conclusions
An analysis of the stress state at a TBC edge (transition from coated to uncoated material) has been evaluated analytically and experimentally and also supported by an FE simulation. The results indicate that it is beneficial to introduce a tapering at the transition from coated to uncoated material. The tapering is done here as a chamfer angle at the edge of small test coupons. The results can be summarised as:
• For steep chamfer angles (>70°) a stress singularity can be shown by an analytical analysis.
•
Experimental investigations in terms of thermal cyclic testing of thermal barrier coating system gives evidence of the benefit of tapering; a gradual increase of spallation fatigue life with decreasing coating chamfer angle is shown.
A linear elastic FE analysis of a TBC aggregate without interface asperities shows that the stress field is altered near the edge. However, only a distance from the edge up to 2 mm shows influence of the stress caused by the edge.
